During earlier studies by Stalheim and Wilson on active immunization against leptospirosis, Leptospira pomona was propagated in a synthetic medium containing very low concentrations of essential long-chain fatty acids. The amount of growth was only one-tenth that in medium supplemented with rabbit serum or bovine serum albumin (24, 25) . In addition, the leptospires were poorly agglutinated by homologous antiserum and did not adequately protect guinea pigs against infection with L. pomona (26) . The objective of the research reported herein was to achieve good growth of fully antigenic L. pomona in a medium free from extraneous antigens. Since the anti- ' Presented in part at the 65th Annual Meeting of the American Society for Microbiology, Atlantic City, N.J., [25] [26] [27] [28] [29] April 1965 (Bacteriol. Proc., p. 54, 1965) . genicity and immunogenicity of L. pomona apparently depended upon good growth, and since good growth apparently required serum protein in the cultural medium, the initial part of the current study was devoted to investigating the role of bovine serum-albumin in the growth and antigenicity of L. pomona. In the course of these studies, further selection of two L. pomona strains occurred, so that good growth of fully antigenic leptospires was achieved in a synthetic medium containing adequate amounts of fatty acids. Some factors of the selective procedure and its effect on virulence are described.
MATERIALS AND METHODS
Role of albumin. L. pomona strains Johnson and pomona were used for this portion of the study. They had been selected in boiled serum medium (30) and VOL. 92, 1966 LEPTOSPIRAL SELECIION, GROWTH, AND VIRULENCE were maintained for more than 18 months in Tween synthetic medium (TSM) containing polyoxyethylene sorbitan mono-oleate (Tween 80) and polyoxyethylene sorbitan monostearate (Tween 60) with subcultures at intervals of 1 or 2 weeks (26) .
Fatty acid-poor bovine albumin and the preparations of fraction V albumin from different species of animals and man were obtained from Pentex, Inc., Kankakee, Ill., and were dissolved in 0.02 M phosphate buffer (pH 7.2) at a concentration of 5%. Bovine albumin was treated with trypsin, as described by Dunn (8) .
To destroy or block end groups, fatty acid-poor bovine albumin was altered as follows: amino groups by reaction with 1-fluoro-2, 4-dinitrobenzene (14) and the sodium salt of 2,4-dinitrobenzene sulfonate (10) , by acetylation (9) , and by reaction with carbobenzoxychloride (1); sulfhydryl groups by iodination (18) and by reaction with p-chloromercuribenzoate (2); and hydroxyl groups by periodate oxidation (6) . After dialysis against sterile phosphate buffer at 5 C for 24 to 48 hr, solutions of the altered albumins were adjusted to the original volume and were sterilized by Seitz filtration.
Cultivation in modified TSM. Strains of L. pomona capable of good growth in synthetic medium were derived by the following procedure. Two-day-old cultures of L. pomona strains Johnson, pomona, Ohio, Wickard, DM2, and MLS in Stuart's medium (27) were inoculated (10%) into TSM. When evidence of growth appeared, 3, 5, or 10 ml was added to 10 ml of synthetic medium containing different concentrations of Tween 80 (0.002, 0.005, 0.007, 0.02, and 0.04%). Observations of the rate and amount of growth were recorded, and the agglutinability of the leptospires was determined as previously described (23, 26) .
Cultures of derived strains of L. pomona were incubated at 29 C with shaking [110 strokes per min with a 1-inch (2.54-cm) excursion] in Erlenmeyer flasks (1 liter) containing 500 ml of TSM modified by increasing the concentration of Tween 80 to 0.06% (MTSM). The amount of growth was estimated nephelometrically until it was maximal; then the bacterial density was determined by microscopic counts (23) .
Studies of antigenicity. The antigenicity of the organisms was determined by the' microscopic agglutination (MA) test (26) and the agglutinin absorption test (23) with two different homologous rabbit antisera. The first serum had a titer of 1:10,000; the second serum, which was used for the reciprocal absorption studies, had a titer of 1:1,000,000. To compare their ability to stimulate the production of specific antibodies, cultures of L. pomona grown in TSM and MTSM were killed by heat (56 C for 30 min) and were administered intravenously to rabbits at intervals of 4 (22) . Estimations were made for strains in Stuart's medium, after adaptation to growth in MTSM, and after three subcultures of the selected strains in complex media. In addition, L. pomona strain Ohio in MTSM was passed through hamsters. Approximately 5 X 108 organisms were administered by intraperitoneal injection to two hamsters. After 48 hr, the hamsters were anesthetized with ether and were bled from the heart. Part of the blood from each hamster (0.1 ml) was inoculated into each of two tubes of Stuart's medium (10 ml) and was decimally diluted through six more tubes; the rest (at least 0.2 ml) was administered to two different hamsters. This procedure was repeated twice. After hemoculture, the first two hamsters only were killed with ether, and the liver and kidney were cultured for leptospires; the kidneys of the other hamsters were cultured 3 to 4 weeks after exposure, as previously described (21) . Similarly, attempts were also made to pass this strain through swine, except that 6 X 109 organisms were administered, and that, in addition to cultural procedures (Stalheim, Am. J. Vet. Res., in press), sera were obtained at the time of autopsy and were tested for agglutination of L. pomona. To observe their colonial morphology, virulent and avirulent leptospires were grown as isolated colonies in the solidified medium of Cox and Larson (4), as previously described (23) . Table 1 , the growth of L. pomona in TSM was greatly increased by supplementation with serum albumin from the cow, horse, pig, rabbit, or man. Cultures in supplemented media were agglutinated by homologous antiserum at a final dilution of 1:10,000, whereas TSM-grown cultures were incompletely agglutinated only in low (1:10 and 1:100) dilutions. Trypsinized bovine albumin inhibited growth, as did fatty acid-poor albumin, unless additional Tween 80 was added to the medium.
RESuLTS

Role of protein. As shown in
When albumin was added to cultures of L. pomona in TSM and was incubated at 5 C for 48 hr, the MA titer was not increased. Full agglutinability was restored after as few as seven generations in Stuart's medium. Albumin treated with p-chloromercuribenzoate was toxic. After inoculation, leptospires rapidly lost motility, became shrunken, and lysed within 6 hr. The toxicity could not be reversed either by dialysis of the albumin preparation against TSM plus cystine (0.005 mg/ml) for 72 hr or by the addition of cysteine (1.8 mg/ml). The surface tension and growth-supporting activity of TSM with different concentrations of Tween 80 were determined (Fig. 1) Before cultivation in MTSM, wild type L. pomona strain Ohio had an LDloo value for hamsters of less than 100 organisms. After cultivation in MTSM, more than 5 x 108 organisms caused neither acute leptospirosis and death, nor persisting renal infections. The strain was still avirulent after three subcultures in Stuart's medium, and virulence was not increased by passage through hamsters. Leptospires were isolated from the liver, kidney, and blood of both of two hamsters, 48 hr after exposure. The organs contained 2 X 103 to 2 X 104 leptospires per gram of tissue. When passed in blood to two more hamsters, leptospires were again isolated from the blood of both hamsters, but isolations were not made after a third hamster passage. A culture of L. pomona in Stuart's medium from the second hamster passage was administered to three hamsters. Approximately 3 X 108 organisms caused neither death nor renal leptospirosis.
Four other strains of L. pomona, which originally were capable of initiating renal infections in hamsters (IDloo was less than 10,000 organisms), were also avirulent for hamsters after growth in MTSM and did not regain virulence during three transfers in Ellinghausen and McCullough's medium.
Leptospires were not isolated from the liver, kidney, or blood of two pigs, when cultured 48 hr after exposure with L. pomona in MTSM. In addition, the blood did not cause infections in other pigs, since all sera failed to agglutinate L. pomona, and since leptospires were not isolated from renal tissue. Avirulent L. pomona strain Ohio had welldeveloped hooks at cell termini. Colonies in solidified medium were large and translucent, with distinct borders (LTD). 
DIscussIoN
The poor growth and antigenicity of L. pomona in TSM prompted Stalheim and Wilson to suggest a protein requirement for the synthesis of leptospiral surface antigens by means of a "lipidfeeding mechanism" (25) . On the contrary, the present study demonstrates that, in a nutritionally adequate medium, the primary if not sole role of a serum protein such as albumin is to detoxify fatty acids by neutralizing their lytic activity; the source of the albumin is not critical. Albumin binds fatty acids by three classes of binding sites (15) , which apparently are not the end groups, since they are not essential for this function of albumin.
The earlier reports of differences in susceptibility (25) and adaptability (30) to lytic conditions in certain cultural media, together with the current observations, suggest a unifying concept: namely, that different growth characteristics among pathogenic leptospires are due to differences either in susceptibility or adaptability, or both, to unfavorable in vitro environments rather than due to different nutritional or biochemical characteristics as proposed by Yanagawa and Wilson (30) . Such a concept suggests that the considerable body of data on leptospiral nutrition is valid for all pathogenic leptospires.
When grown in TSM, L. pomona was poorly agglutinated by homologous antiserum although it absorbed agglutinins. Instead of a lack of protein per se, the poor antigenicity is associated with a relative deficiency of extractable cellular carbohydrates (fraction A). TSM differs from MTSM in that it lacks an adequate concentration of fatty acids, the major source of carbon and energy for leptospires (16) . Limitation of the amount of available carbohydrate in the medium signifi-:cantly influences the synthesis of non -nitrogenous components of Aerobacter aerogenes (7) and Mycobacterium phlei (29) . The antigenic deficiency in TSM-grown leptospires may be qualitative as well as quantitative, since Schricker and Hanson (20) found six to eight precipitinogens in the carbohydrate fraction of L. pomona.
Attempts to improve the growth of leptospires in a growth-limiting medium, TSM, by adding various growth factors have always failed. However, during studies on the effect of surface tension with different amounts of Tween 80, good growth occurred unexpectedly with two strains of L. pomona which had been maintained in TSM for 18 months. Strains capable of growth in MTSM may be selected in as few as four subcultures. The essential features of the procedure described herein are: (i) the use of Tween 80 as a relatively nonlytic source of fatty acids at a low concentration (0.002%); (ii) massive inocula and prolonged periods of incubation (up to 28 days); and (ii) the occurrence of growth, after four or more transfers in TSM, at successively higher concentrations of Tween 80, with synthesis of the usual complement of surface antigens. The genetic nature of these events has not been investigated.
When a synthetic medium (TSM), which was devised for L. canicola, was modified by increasing the amount of Tween 80 to adequate levels (MTSM), the growth and antigenicity of selected strains of four pathogenic leptospiral serotypes equaled that in Stuart's medium. Thus, the requirement for serum or serum albumin in leptospiral growth media may be circumvented by the use of strains of leptospires which are capable of tolerating an adequate concentration of Tween 80 as a source of fatty acids.
Contrary to previous reports (3, 19) of wide fluctuations in leptospiral virulence during in vivo or in vitro growth, the virulence of a particular strain may be maintained relatively constant for the same animal species (22) . However, strains selected in MTSM are avirulent for hamsters, guinea pigs, and swine; they cause neither clinical nor renal leptospirosis. Although avirulent L. pomona persisted in hamsters for at least 48 hr during "blind passages" in hamsters, virulence for the hamster was not regained in this study. Concurrent changes in cellular and colonial morphology, as described for L. icterohaemorrhagiae (12) 
